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HIGHLIGHTS 


►  The  charge— discharge  efficiency  of  high  capacity  SiO  anode  material  is  as  low  as  75%  on  first  cycle. 

►  To  reduce  the  oxygen  defects  in  SiO  structure,  Fe203  was  used  as  an  oxygen  source  of  the  redox  reaction. 

►  The  charge-discharge  efficiency  of  SiO  anode  material  improves  by  heat-treated  with  Fe203. 

►  The  one  of  the  factor  of  good  reversibility  is  an  improvement  of  the  Li-extraction  performance  by  surface  modification. 
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Silicon  monoxide  (SiO)  has  a  high-expected  capacity  and  long  cycle  performance,  but  the  first  cycle’s 
charge-discharge  efficiency  was  lower  than  that  of  a  conventional  anode  material.  Recently,  we  have 
reported  that  the  irreversible  capacity  was  able  to  be  suppressed  based  on  the  crystallinity  of  SiO.  In 
order  to  decrease  the  oxygen  defect  and  improve  the  crystallinity  of  SiO,  Fe203  was  reacted  with  SiO  as  an 
oxygen  source  then  heat-treated  at  800  °C.  When  the  sample  of  the  mixed  SiO  and  Fe203  at  a  molar  ratio 
of  1:0.2  was  heated,  Fe2Si04  (fayalite)  with  the  Pbnm  olivine  structure  was  uniformly  formed  on  the  SiO 
surface.  It  was  confirmed  that  the  efficiency  of  the  first  cycle’s  charge— discharge  capacity  improved  in 
comparison  to  the  conventional  SiO. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  (LIBs)  have  been  used  as  the 
power  sources  for  portable  digital  assistants  (e.g.,  cellular  phones, 
laptop  computers  and  digital  cameras)  because  they  have  a  higher 
energy  density  than  that  of  other  types  of  secondary  batteries.  Alloy 
type  anode  materials  (i.e.,  Si  [1],  Sn  [2])  have  received  considerable 
attention  because  of  their  higher  capacity.  In  particular,  silicon  (Si) 
shows  the  highest  theoretical  capacity  of  4199  mAh  g-1  (L^Sis) 
and  low  operating  potential  (vs.  Li/Li+).  However,  capacity  fading 
occurred  during  the  cycling  due  to  its  significantly  volume  change 
[3,4].  Silicon  monoxide  (SiO)  can  reduce  the  volume  change  in  Si 
[5,6],  and  it  shows  a  better  cycle  performance  than  that  of  Si.  SiO  is 
composed  of  nano-sized  Si  and  amorphous  silicon  oxides  (a-SiOx) 
after  heat  treatment  above  900  °C  [7-10].  a-SiOx  component  in  SiO 
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matrix  may  release  the  volume  expansion  of  Si  and  therefore,  the 
cycle  performance  of  SiO  can  be  improved  that  of  Si.  However,  the 
first  charge-discharge  is  still  a  problem  as  the  efficiency  of  SiO  is 
low  [11-13].  The  high  irreversible  capacity  is  due  to  the  reaction 
between  a-SiOx  and  Li.  This  reaction  product  is  electrochemically 
inactive  against  Li,  and  it  is  not  easy  to  extract  Li  from  the  structure 
[14,15].  There  are  few  reports  using  other  techniques  to  improve 
the  reversible  capacity,  although  many  researchers  have  tried 
to  improve  the  reversibility  of  the  SiO  anode  material  using 
prelithiation  techniques  [16]. 

We  reported  that  this  irreversible  capacity  of  SiO  occurred 
between  Li  and  a-SiOx  because  the  amorphous  structure  has  an 
oxygen  defect  and  a  distortion  of  the  Si04  tetrahedral  [17].  In  this 
study,  we  attempted  to  reduce  these  structures  by  experimentally 
supplying  oxygen  to  SiO  by  a  thermal  treatment.  However,  SiO  is 
oxidized  to  Si02  in  the  air,  thus  it  is  electrochemically  inactive  against 
Li  [17].  The  reaction  conditions  were  then  determined  in  an  inert 
atmosphere.  For  supplying  oxygen  to  SiO  under  an  inert  atmosphere, 
we  have  used  a  redox  reaction  with  the  oxide.  According  to  Ellingham 
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diagram,  the  several  oxides  can  be  reduced  by  Si  [18].  In  several 
oxides,  we  selected  Fe203  because  Si  has  been  used  as  a  reducing 
element  due  to  the  refining  of  Fe203  in  the  steel  industry  [19]. 

2Fe203  +  3Si  ~  4Fe  +  3Si02  (1 ) 

This  reaction  shows  that  the  oxygen  supplies  from  Fe203  to  Si. 
Thus,  we  think  that  it  can  reduce  the  oxygen  defects  by  exper¬ 
imentally  supplying  oxygen  to  SiO  by  a  thermal  treatment. 

2.  Experimental  methods 

Silicon  monoxide  (SiO,  Osaka  Titanium  Technologies, 
D50  =  5  pm)  and  a-Fe203  (C.  I.  Kasei  Co.,  D5o  =  39  nm)  were  mixed 
using  a  planetary  ball  mill  (Premium  line  P-7,  Fritsch)  at  a  molar 
ratio  of  1:0.125.  To  determine  the  effect  of  the  reaction  tempera¬ 
ture,  the  mixture  was  thermally  treated  at  400  °C,  600  °C,  800  °C, 
and  1000  °C  for  3  h  in  a  flowing  argon  atmosphere.  The  reaction 
products  were  identified  by  X-ray  diffraction  (Ultima  IV,  Rigaku) 
using  CuKa  and  the  scan  range  was  from  10°  to  80°  at  the  scan  rate 
of  10°  min'1.  Since  the  irreversible  capacity  was  reduced  when 
SiO  +  Fe203  was  treated  at  800  °C,  then  the  molecular  ratio  of 
mixture  was  optimized.  The  secondary  electron  images  (SEIs)  and 
the  backscattered  electron  images  (BEIs)  of  the  reaction  product 
were  observed  by  field-emission  scanning  electron  microscopy 
(ULTRA55,  ZEISS).  In  addition,  cross-section  views  of  reaction 
products  were  obtained  by  scanning  transmission  electron  micro¬ 
scopy  (JEM-2100F,  JEOL),  and  the  distribution  of  the  atoms  was 
measured  by  energy-dispersive  X-ray  spectroscopy. 

To  observe  the  electrochemical  performance,  slurry  for  the 
working  electrode  was  prepared  by  mixing  the  active  material  with 
acetylene  black  as  the  electronic  conductor  and  polyimide  as  the 
binder  in  the  weight  ratio  of  75:15:10  in  N-methylpyrrolidine 
(NMP)  solution.  The  slurry  was  then  coated  on  a  Cu  foil  (15  pm  in 
thickness),  the  prepared  electrode  was  pressed  by  a  role  press,  and 
dried.  The  working  electrodes  were  packed  in  a  2032-type  coin  cell 
(Hohsen  Corp.)  with  the  separator,  the  lithium  counter  electrode, 
and  the  spring  that  induced  a  packing  pressure  on  both  electrodes 
to  reduce  the  internal  impedance.  The  electrolyte  was  1  M  LiPF6  in 
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Fig.  1.  XRD  patterns  of  the  reaction  products  heated  at  a  molecular  ratio  of 
Si0:Fe203  =  1:0.125  at  (a)  400  °C,  (b)  600  °C,  (c)  800  °C  and  (d)  1000  °C  for  3  h  in  Ar. 


ethylene  carbonate  (EC),  dimethyl  carbonate  (DMC)  and  ethyl- 
methyl  carbonate  (EMC)  in  the  volume  ratio  of  30:40:30,  respec¬ 
tively.  The  half-cells  were  assembled  in  an  argon-filled  glove  box 
and  the  electrochemical  reaction  was  measured  in  the  voltage 
range  of  0.01-2.5  V  (vs.  Li/Li+)  at  0.15  mA  cm-2  current  density  at 
25  °C.  The  cycle  performances  were  measured  within  the  more 
practical  voltage  range  of  0.01-1.5  V  (vs.  Li/Li+)  at  0.75  mA  cm-2 
current  density  at  25  °C. 

3.  Results  and  discussion 

Fig.  1  shows  XRD  patterns  of  the  reaction  products  in  which  the 
SiO  and  Fe203  were  at  the  molecular  ratio  of  1 :0.125  and  obtained 
at  four  reaction  temperatures,  i.e.,  400  °C,  600  °C,  800  °C  and 
1000  °C.  The  oxidation-reduction  reaction  between  SiO  and  Fe203 
increased  in  temperature  range  above  600  °C.  For  the  600  °C 
sample,  Fe203  was  reduced  to  Fe304.  For  the  800  °C  and  1000  °C 
samples,  Fe203  reduced  to  Fe2Si04  (Fe0+),  which  has  an  olivine 
structure  with  a  Pbmn  space  group.  In  addition,  clear  peaks  corre¬ 
sponding  to  Si  (111)  and  Fe  (110)  gradually  appeared  around  28° 
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Fig.  2.  The  charge-discharge  profiles  of  the  reaction  products  heated  at  a  molecular 
ratio  of  Si0:Fe203  =  1 :0.125  at  (a)  400  °C,  (b)  600  °C,  (c)  800  °C  and  (d)  1000  °C  for  3  h 
in  Ar. 
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and  45°  for  the  thermal  treated  sample  at  1000  °C.  These  results 
indicated  that  Fe2C>3  was  reduced  by  SiO,  and  oxygen  was  supplied 
from  Fe203  to  SiO. 

Fig.  2  shows  the  charge-discharge  profiles  of  the  heat-treated 
samples  shown  in  Fig.  1.  For  400  °C  sample  (Fig.  2a),  the  Li-insertion 
capacity  was  2023  mAh  g-1  and  the  Li-extraction  capacity 
was  1624  mAh  g_1.  For  the  600  °C  sample  (Fig.  2b),  the  Li-insertion 
capacity  was  1912  mAh  g-1  and  the  Li-extraction  capacity  was 
1538  mAh  g-1.  These  curves  have  a  conversion  reaction  around  1.0  V 
(vs.  Li/Li+)  which  was  the  reaction  of  the  iron  oxides  and  Li  [20,21  ].  The 
400  °C  sample  (Fig.  2a)  showed  mixed  charge-discharge  curves  of  SiO 
and  Fe203,  while  the  600  °C  sample  (Fig.  2b)  also  showed  mixed 
charge-discharge  curves  of  SiO  and  Fe304.  When  the  SiO  and  Fe203 
were  mixed,  the  calculated  Li-insertion  capacity  was  2031  mAh  g_1 
and  the  calculated  Li-extraction  capacity  was  1606  mAh  g-1.  When 


Secondary  electron  images  (SEls) 


SiO  and  Fe304  were  mixed,  the  calculated  Li-insertion  capacity  was 
2062  mAh  g-1  and  the  calculated  Li-extraction  capacity  was 
1619  mAh  g-1.  In  the  case  of  Fe304,  the  charge-discharge  capacity 
was  calculated  as  Fe203  reduced  to  Fe304.  These  calculated  values 
corresponded  to  the  experimental  values.  In  contrast,  the  800  °C 
sample  (Fig.  2c)  and  the  1000  °C  sample  (Fig.  2d)  also  showed  a  pla¬ 
teau  at  1.0  V  (vs.  Li/Li+).  This  plateau  indicated  that  Li  can  react  with 
Fe2Si04.  In  addition,  the  charge-discharge  efficiencies  of  these  sam¬ 
ples  were  better  than  that  of  the  pristine  SiO.  For  the  800  °C  sample, 
the  charge-discharge  efficiency  improved  to  89.3%  (the  Li-insertion 
capacity  was  2110  mAh  g-1  and  the  Li-extraction  capacity  was 
1884  mAh  g_1)  and  it  showed  good  reversibility.  The  charge- 
discharge  efficiency  of  the  1000  °C  sample  also  improved  to  86.4%. 
When  the  reaction  temperature  was  800  °C,  the  irreversible  capacity 
was  the  most  improved. 


Backscattered  electron  images  (BEls) 


Fig.  3.  (a)  Secondary  electron  images  and  (b)  backscattered  electron  images  of  (1)  SiO  and  (2)  800  °C  sample  and  (C)  1000  °C  sample  heated  at  molecular  ratio  of  Si0:Fe203  =  1:0.2 
for  3  h  in  Ar. 
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Fig.  4.  XRD  patterns  of  Si0:Fe203  =  1:X  composites  heated  at  800  °C  for  3  h  in  Ar.  X  is 
(a)  X  =  0.1,  (b)  X  =  0.2,  (c)  X  =  0.3,  (d)  X  =  0.4  and  (e)  X  =  0.5. 


Fig.  3  shows  the  secondary  electron  images  (SEIs)  and  the 
backscattered  electron  images  (BEIs)  of  (a)  SiO,  (b)  the  800  °C 
sample  and  (c)  the  1000  °C  sample.  In  the  BEIs,  the  Si  atom  is  shown 
in  the  brighter  areas  and  the  Fe  atom  in  the  darker  regions.  As 
depicted  in  Fig.  3a-l,  the  surface  of  SiO  is  flat  and  smooth.  However, 
in  Fig.  3b-l,  which  shows  the  reaction  product  at  800  °C,  the  surface 
morphology  differs  from  that  of  SiO,  and  the  roughness  differs  from 
that  observed  before  heating,  and  the  adhesion  of  a  molten  material 
is  seen  on  the  surface.  In  addition,  the  surface  was  uniformly  cov¬ 
ered  by  Fe  atom,  as  shown  in  Fig.  3b-2.  The  image  of  the  800  °C 
sample  showed  the  uniform  distribution  of  the  Fe  atom.  For  the 
1000  °C  sample  (Fig.  3c-l),  the  morphology  was  similar  to  the 
800  °C  sample.  However,  the  Fe  element  aggregated  locally,  as 
shown  in  Fig.  3c-2.  Although  to  the  best  of  our  knowledge,  there  is 
no  report  about  the  reaction  mechanism  of  SiO  and  Fe203,  the 
following  may  be  deduced  as  the  reaction  mechanism  of  Si02  and 
FeO  [22,23].  The  surface  of  SiO  was  oxidized  to  Si02  by  reacting 
with  Fe203,  and  Fe203  was  reduced  to  FeO  by  SiO,  and  then  Si02  and 
FeO  reacted  to  form  Fe3Si04  at  800  °C.  At  1000  °C,  the  nano-sized 
amorphous  Si,  which  is  a  component  of  SiO,  exhibited  a  reducing 
power  stronger  than  that  of  SiO,  and  it  likely  appears  that  Fe303  was 
reduced  to  Fe  by  silicon  oxides  and  activated  nano-sized  Si.  Based 
on  these  images  (Fig.  3)  and  the  charge-discharge  efficiency 
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Fig.  5.  Cross-section  TEM  images  of  SiO  +  Fe203  heated  at  800  °C  at  the  molecular  ratio  of  Si0:Fe203  =  1:0.2  for  3  h  in  Ar.  (a)  Elemental  mapping  by  EDX  and  (b)  the  selected  area 
electron  diffraction  (SAED)  pattern  (inset)  of  the  reaction  product  on  the  surface  of  SiO. 
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(Fig.  2),  the  reaction  temperature  was  selected  800  °C  to  react  SiO 
and  Fe2C>3  uniformly,  and  then  the  ratio  of  the  oxide  mixture  X  was 
also  optimized. 

Fig.  4  shows  the  XRD  patterns  of  the  reaction  products  obtained 
by  changing  a  molecular  ratio  of  SiO  and  Fe203  at  800  °C.  As  shown 
in  Fig.  4,  the  diffraction  patterns  were  classified  into  the  following 
three  categories:  X  ^  0.2,  X  =  0.3  and  X  ^  0.4.  For  X  ^  0.2,  the 
diffraction  pattern  indicated  Fe2Si04.  For  X  =  0.3,  Fe203  was 
reduced  to  Fe304.  For  X  ^  0.4,  Fe203  was  not  reduced,  but  was 
instead  maintained.  The  best  composition  of  SiO  and  Fe203  was 
identified  as  Si0:Fe203  =  1 :0.2  mol.%  from  XRD  pattern  and  the  first 
cycle’s  charge-discharge  efficiency  (Fig.  3). 

The  cross-section  images  of  SiO  +  Fe203,  which  were  synthe¬ 
sized  at  the  molecular  of  Si0:Fe203  =  1 :0.2  for  3  h  at  800  °C  under 
an  argon  atmosphere  observed  by  TEM  and  the  distribution  of 
atoms  measured  by  EDX,  are  shown  in  Fig.  5.  In  Fig.  5a,  the  thick¬ 
ness  of  the  reaction  layer  was  50-100  nm  and  the  reaction  product 
was  deposited  on  the  SiO  surface.  From  the  element  mapping  by 
EDX,  Fe  did  not  diffuse  into  SiO  matrix,  but  reacted  on  the  surface 
only.  Based  on  the  selected  area  electron  diffraction  (SAED)  results, 
the  reaction  product  on  the  surface  should  certainly  be  ortho¬ 
rhombic  Fe2Si04.  These  results  suggest  that  Fe2Si04  (see  the  XRD  in 
Figs.  1,  4  and  5)  was  formed  on  the  SiO  surface,  and  the  Fe  element 
did  not  influence  the  SiO  bulk.  As  Fe2Si04  exists  on  the  surface,  the 
electric  conductivity  of  this  powder  improved  from  1012  S  cm-1  to 
1010  S  cm-1,  and  the  surface  area  was  increased  from  2.45  m2  g-1  to 
3.65  m2  g-1  after  heating. 

Fig.  6  shows  the  charge-discharge  curves  of  (a)  heat-treated  SiO 
at  800  °C,  and  (b)  SiO  +  Fe203  for  3  h  at  800  °C.  In  Fig.  6a,  the  anodic 
performance  of  the  heat-treated  SiO  was  as  follows:  the  Li-insertion 
capacity  was  2615  mAh  g-1,  the  Li-extraction  capacity  was 
1824  mAh  g-1,  and  the  efficiency  of  the  charge-discharge  capacity 
was  69.8%.  This  result  corresponded  with  the  reported  capacity  and 
the  efficiency  of  the  charge-discharge  capacity  [6].  In  contrast,  as 
shown  in  Fig.  6b,  the  anodic  performance  of  SiO  +  Fe203  showed 
a  vast  improvement  in  reversibility,  such  that  the  Li-insertion 
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Fig.  6.  The  charge-discharge  curves  of  (a)  heated  SiO  at  800  °C  and  (b)  SiO  +  Fe203. 
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Fig.  7.  The  cycle  performance  of  (a)  heated  SiO  at  800  °C  and  (b)  SiO  +  Fe203. 


capacity  was  2095  mAh  g-1,  the  Li-extraction  capacity  was 
1900  mAh  g-1,  and  the  efficiency  of  the  charge-discharge  capacity 
was  90.6%.  We  concluded  that  the  fading  of  the  Li-insertion  capacity 
was  due  to  decrease  in  Si  as  the  active  material  by  reacting  with 
Fe203.  However,  this  reversibility  was  improved  by  over  10%  in 
comparison  to  the  conventional  SiO,  and  it  also  showed  good  cycle 
reversibility  in  Fig.  7.  The  charge-discharge  curve  of  SiO  +  Fe203 
differed  from  that  of  SiO.  For  the  Li-insertion  process  of  SiO  +  Fe203, 
the  plateau  at  0.5  V  (vs.  Li/Li+)  in  Fig.  6b  indicates  that  Li  ion  reacted 
with  Fe2Si04  (the  same  reaction  as  in  Fig.  2).  For  the  Li-extraction 
process,  there  was  no  difference  in  the  profiles  of  SiO  and 
SiO  +  Fe203  in  the  voltage  range  below  0.6  V  (vs.  Li/Li+).  However, 
the  Li-extraction  profile  differed  in  the  voltage  range  above  0.6  V 
(vs.  Li/Li+).  Regarding  the  Li-extraction  process,  it  has  been  reported 
that  Li  ion  could  extracted  from  the  Li-Si  alloy  and  the  reaction 
product,  which  was  formed  by  the  reaction  of  a-SiOx  with  Li,  could  be 
electrochemically  inactive.  As  you  can  see  in  Fig.  6b,  the  slope  of 
the  profile  in  the  voltage  range  above  0.6  V  (vs.  Li/Li+)  is  gradual,  and 
thus  our  results  indicate  that  Li  ion  was  extracted  from  the  reaction 
product  which  had  been  thought  to  be  electrochemically  inactive. 
Although  the  irreversible  capacity  was  improved  by  the  reaction  of 
SiO  and  Fe203,  it  is  thought  that  the  lithium-silicate  forming  reac¬ 
tion  of  a-SiOx  and  Li  was  not  inhibited  because  the  SiO  bulk  did  not 
change  after  heating.  Therefore,  we  postulated  that  the  surface 
modification  by  the  Fe2Si04  layer  was  one  of  the  factors  influencing 
the  improvement  of  the  reversibility. 

4.  Conclusions 


To  reduce  the  irreversible  capacity  of  SiO  anode  material  at  the 
first  cycle,  Fe203  reacted  with  SiO  for  3  h  at  800  °C  under  an  argon 
atmosphere.  When  the  molecular  ratio  of  Si0:Fe203  =  1:0.2, 
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Fe2Si04  was  only  formed  on  the  SiO  surface.  The  thickness  of  this 
layer  was  50-100  nm,  and  it  uniformly  formed.  The  anodic  per¬ 
formance  of  SiO  +  Fe203  material  showed  that  the  Li-insertion 
capacity  was  2095  mAh  g-1,  the  Li-extraction  capacity  was 
1900  mAh  g_1  and  the  charge-discharge  efficiency  had  sig¬ 
nificantly  improved  from  70%  to  90%.  However,  these  results  indi¬ 
cate  that  an  improved  reversibility  for  the  SiO  anode  can  be 
achieved,  and  it  is  expected  that  this  finding  will  make  a  break¬ 
through  in  the  study  and  uses  of  the  SiO  anode-active  material. 
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